Abstract -DMT modulation has become a standard communications method for DSL and indoor LAN technology. By utilising the FFT it is able to overcome the problems associated with transmission over a nonflat communications channel. In DSL and indoor LAN technologies, the dominant source of performance impairment is crosstalk. Results are presented here in the context of DMT on an economical cabling scheme which contains a pair of unbalanced transmission lines. The results thus indicate a possible means of performance improvement over current DSL and indoor LAN technologies.
I INTRODUCTION
Aktino technology have recently developed a modem which can provide a business class service, i.e. data rates between 10 Mbps and 25 Mbps [1] [2] without the need to implement expensive optical fibre transmission techniques. The approach to achieving such data rates is to regard all signal paths within a cable as a complete digital signalprocessing (DSP) problem. This is in contrast to the approach hitherto, which sought to isolate signal paths due only to the physical conductive connections within the cable. The result of this new approach has been to offer enhancement of already existing digital subscriber line (DSL) standards to business premises in parts of the United States.
However, this business class modem is not an economically viable option for casual home Internet usage. Indeed, with direct reference to the Irish home Internet consumer base, the primitive dial-up modem still persists because in many cases it is the only option for home Internet. A purely technological explanation for this restricted penetration of broadband type Internet access is the high degree of far-end crosstalk (FEXT) owing to poor quality of subscriber cabling in these areas.
In this work, physical measurements were made on 100m of economical unbalanced transmission line. From these measurements a simulation was developed with direct reference to upstream data transmission using discrete multi-tone (DMT) modulation which is now in widespread use in many DSL standards including the G992.1 standard for Asynchronous DSL (ADSL) technology [3] . It is thought the that results provided herein would be indicative of a possible improvement in the performance of poor quality DSL as well as providing a motivation for using such a cabling scheme for economical implementations of indoor local area networks (LANs).
II DMT MODULATION
DMT modulation provides an efficient means of communication over a non-flat DSL channel. This is achieved by considering the communications channel to be composed of a series of memoryless sub-bands. These sub-bands, in turn, may then be thought of as a series of frequency 'bins'. Each bin has a measurable transfer function. At the transmitter, a quadrature amplitude modulation (QAM) constellation is assigned to each bin. Each of these QAM constellations assumes a given size according to the transfer function of its designated bin. In this way the DMT transmitter may be thought of as being loaded [4] with respect to frequency domain measurements of the entire channel over which communications occurs. Each of the QAM constellations over the band of frequencies on the communications channel is thought of as being complex [4] and forms a variable, x n . A complete frequency domain vector of channel inputs, X, known as a 'symbol', is defined by equation (1) below and is derived from each QAM constellation variable, x n :
In the context of the sub-script notation above, transmission occurs over 2n sub-bands and considering the G992.1 standard for ADSL technology [3] which uses DMT, 2n = 512 = N . Each transmitted symbol thus contains 512 sub-symbols and X is an N × 1 vector. The notation, ' †' refers to the complex conjugate of a given variable and so the vector, X is composed of a series of elements which are conjugate symmetric about the origin.The element, x 0 is always assigned a value of 1. The output of the DMT transmitter is a time domain signal, which results from taking the inverse fast Fourier transform (IFFT) of the frequency domain vector of channel inputs, X.This time domain signal will, in turn, be entirely real owing to the conjugate symmetry of X. The fast Fourier transform (FFT) may be written as a unitary matrix of elements,W, and is defined below in equation (2) as a k × l matrix:
In this case j = √ −1 and if a vector of dimensions N × 1 is to be transformed, then 0 ≤ k, l ≤ N − 1. The quantity 1 N may be thought of as a scaling factor which is relevant to this context [3] . The corresponding IFFT matrix operation is the Hermitian transpose of W, written as W H . Multi-carrier modulation schemes, including DMT, exploit the fact that a circulant matrix, H is diagonalised by the W and W H matrix operations. When these operations have been performed with respect to H, there is a significant reduction in the interband interference (IBI) that would normally occur as result of the communications channel. An expression for the diagonal matrix, Λ, that arises from these operations is given by equation (3) below:
In practice, the frequency domain vector of channel inputs, X ,after being converted to the time domain by the IFFT operation,W H , has a series of redundant samples known as a 'cyclical prefix',(CP) affixed to it. When the time domain samples derived from X, by means of the matrix operation W H at the transmitter output, are then convolved with the transmission line channel impulse response, the channel impulse itself appears as a circulant matrix multiplication, H , on X at the receiver. The length of the CP is determined with respect to the transition time of the channel. In this regard, the CP also reduces intersymbolinterference (ISI) by mitigating the effect of the channel transition time [4] on the symbol, X. As indicated, the information content of the CP is ignored at the receiver. In this way, H is the circular convolution matrix, containing the impulse response of the transmission line, when DMT modulation is applied to the channel. An N × 1 vector of frequency domain channel outputs, Y, may be derived at the receiver by means of a further matrix multiplication by W. An expression for Y is given by equation (4) below:
v is an N ×1 added white Guassian noise (AWGN) vector. Substituting equation (3) into equation (4) allows Y to then be written as equation (5) below:
where
v ′ refers to the N × 1 vector of AWGN v ,which has been transformed into the frequency domain by the matrix multiplication in equation (6) above. The frequency domain vector Y has a gain profile, Λ with respect to the original frequency domain channel input vector X , as well as having an additional noise vector v ′ . Λ is a diagonal matrix and in this way ensures that there is little or no IBI seen at receiver [4] . Inverting each individual element along the main diagonal to form an N × 1 vector, D, would allow the recovery of the original vector of frequency domain inputs to the channel, i.e., X. An expression for the vector D is given by equation (7) below:
The DMT modulation scheme with respect to a single communications channel is presented in figure 1. Equalisation, i.e., 'EQ', refers to the recovery of X at the receiver.
III Measurements and FEXT
Normally, in the context of a DSL cable, each of the various transmission lines is regarded as being a separate isolated communications channel. In reality, however, these transmission line channels interact because of the electromagnetic fields It should be noted that a signal path due to FEXT will also occur between the lower transmission line and the upper one when there are upstream data propagating along it.
Given the interaction between the two transmission lines in the cable, outlined in figure 2 above, due to FEXT a model for DMT in this context is presented in figure 3 below: In the context of figure 3, convolution can now occur as a circulant matrix multiplication, H 1,2 or H 2,1 in the context of the FEXT signal paths.
It can also occur as a circulant matrix multiplication, H 1,1 or H 2,2 in the context of the impulse response of the respective transmission lines. Given that there are now also two N ×1 data vectors, X 1 and X 2 , which contain frequency domain channel inputs then there are, therefore, two N × 1 data vectors, Y 1 and Y 2 which contain frequency domain channel outputs. Time domain noise vectors, v 1 and v 2 are also shown. Figure 4 shows a measurement made of the impulse response, in terms of the S-parameter, S 21 , made between the two ends (TX and Rx) of an unbalanced transmission line (T-Line signal path). Also shown is a similar measurement where one end of a given transmission line is stimulated (TX) and the measurement is made with respect to the opposite end (RX) on the neighbouring transmission line (FEXT signal path). This is thus a measurement of the impulse response due to a FEXT signal path. Both transmission lines are in a cable and are thus beside each other; end to end. Previous work by the authors provides a detailed explanation of a measurement set-up used to measure S 21 along twisted-pair transmission lines where the signal transmission is balanced [5] [6] . In the case of this previous work balanced transmission was implemented by means of device called a balun. It should be noted, that balanced transmission is not relevant to the context here and that measurements of S 21 were made here in the time domain, but that all other aspects of the measurement procedure outlined in [5] , such as response calibration of the vector microwave network analyser (VMNA) and line matching, are relevant here. The cable containing the unbalanced transmission lines measured here was a four insulated conductor, screened security alarm cable. The cable conforms to BS4737 and measurements were made on a 100m of this cable [7] . Figure 4 clearly shows that there is substantial FEXT between the neighbouring lines. In the context of what has been discussed here so far, figure 4 is indicative of the high degree of unwanted signals occurring between neighbouring transmission lines in the cable. This is reasonable, since the signal transmission is not balanced and the transmission lines, themselves, are not twisted-pairs.
IV A Multi-Transmission Line DMT
Modulation Scheme.
A multi-transmission line DMT modulation system is now proposed. Previous work by the authors [5] [6] has suggested an increase in the potential data capacity, in bits/sec/Hz, when multi-transmission line communications systems are viewed as a multiple-input/multiple-output (MIMO) continuum. In the context of the two transmission lines outlined, the approach taken is to weight the frequency domain transmit vectors, X 1 and X 2 and to weight the frequency domain receive vectors, Y 1 and Y 2 . These weights are complex and thus contain gain and phase information. They are derived from a singular value decomposition (SVD) of a matrix, h. In this context, the matrix, h ,contains a set of frequency domain terms which are derived from a measurement based simulation of two transmission lines with the DMT modulation scheme operating on either. The elements of this measurement based simulation are shown below in figure (5) The elements of h are a function of frequency so h may be thought of as a three dimensional array containing four N × 1 vectors each of which are referenced by the notation h i,j,N . For a two transmission line communications system such as this one: i = 1, 2 and j = 1, 2. Specifically, h 1,1,N is an N × 1 vector containing the elementby-element division of the N × 1 vectors of X 1 into Y 11 . Similar expressions for h 1,2,N , h 2,1,N and h 2,2,N may also be derived and expressions for all of these are given below in equations (8), (9), (10) and (11) respectively:
h 1,1,N and h 2,2,N are N × 1 vectors which contain the frequency domain responses of the two transmission lines. h 1,2,N and h 2,1,N are N × 1 vectors which contain the frequency domain responses of the FEXT signal paths. Considering now a MIMO communications system. On each of the N two-dimensional matrices h i,j which may be derived from h i,j,N , N SVDs are performed. This generates three new threedimensional matrices: u i,j,N , s i,j,N and v i,j,N . The relationship between these matrices may be described by equation (12) below:
Clearly, there are now N sets of matrices: u i,j , s i,j and v i,j . Each matrix u i,j and v i,j is unitary matrices with u H i,j being the hermitian transpose of u i,j . s i,j is a diagonal matrix containing the singular values of h i,j . Equation (13) thus supports the idea that if the quantities in the vectors X1 and X2 were multiplied by the relevant quantities derived from u i,jH and if the quantities in the vectors Y1 and Y2 were multiplied by the relevant quantities derived from v i,j , then the overall gain profile of the entire 2 × 2 communications system would assume that given by matrix s i,j . Specifically, the two N × 1 vectors: X1 and X2 are multiplied by four N × 1 vectors, u 1,1 , u 1,2 , u 2,1 and u 2,2 which are derived from appropriate partitioning of the three dimensional matrix: u i,jH . The two N × 1: Y1 and Y2 vectors are multiplied by four similar N × 1 vectors derived from the three dimensional matrix v i,j . Figure 6 gives a complete description of this process.
V Results
Shown in figure 4 is a time domain measurement of the low-pass impulse response of the FEXT and the transmission line signal paths derived from a VMNA. The corresponding frequency domain response was from 300 kHz to 60.3 MHz with respect to a resolution of 201 points. For a given transmission line, the entire low-pass impulse response is convolved with the IFFT of the frequency domain channel input data vector (either X1 or X2, depending on the transmission line). In doing this, a spline algorithm is used to expand the 201-point resolution of the VMNA data to 512 points. The use of the CP was implicit within the simulation and each sub-band was assumed flat over a bandwidth of approximately 117 kHz. As well as making frequency domain measurements to calculate the N matrices h i,j , the model in figure 5 is also used to calculate the average power in the two time domain signals which propagate along the transmission lines. SIMULINK [8] uses frame-based processing in simulations, so over ten frames of samples, the voltage, E , was averaged in order to calculate the average power in the transmission line as in equation (13) below:
Z 0 is the characteristic impedence of the transmission line. One drawback of DMT communications systems is the high peak to average ratio (PAR) of the signal [9] [4], so averaging was over N − a where a certain amount of samples, a , were omitted so as not to skew the figure for the average power, P . The average powers on the two transmission lines, P 1 and P 2 were 7.834 × 10 −5 Watts and 9.034 × 10 −5 Watts respectively.
With respect to these values, P 1 and P 2 , various degrees of AWGN can be applied to the line in terms of signal-to-noise power ratio (SNR) in dB. The effect on bit error rate (BER) could then be observed. Results of this are given in figure 7 below in terms of BER curves.
VI Conclusions
In this work, the implementation of DMT modulation on an economical cabling scheme containing unbalanced transmission lines was investigated by relevant measurements, simulation and analysis. The problem of FEXT in the context of upstream data transmission on such transmission lines is highlighted. An assumption was made that near end crosstalk (NEXT) could be cancelled by echo cancellation techniques, or in any case this MIMO communications channel could be extended to incorporate NEXT given relevant measurements. It is clear from figure 7 that DMT modulation on such a cabling scheme is not viable without the MIMO communications channel, indeed for 'Con- ventional DMT 1 and 2' the degree of AWGN is largely irrelevant as the FEXT appears to be the dominant source of bit error. If the two BER curves which refer to the MIMO communications channel are regarded as two 'MIMO sub-channels' then it is clear that one sub-channel enjoys a better BER than the other. Previous analysis by the authors [6] has shown that the gain profile of a MIMO communications channel, with respect to frequency, is given by individual sets of singular values. In this context, either MIMO sub-channel may be regarded as an individual set of singular values. As a result of this it is clear that one MIMO sub-channel will have a greater gain at the receive end than the other and the effect of AWGN on it will not be as pronounced as indicated by figure 7.
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